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Im Rahmen dieser Arbeit wurde eine Apparatur aufgebaut und einjustiert, die es ultra-
kurzen Laserpulsen mit einer Zentralwellenlänge zwischen 1300 und 1550 nm ermöglicht
durch eine ﬂexible Hohlfaser zu propagieren. Der Prozess des Aufbaus, unter anderem
mit den zugehörigen Fokus- und Intensitätsscans, ist in dieser Arbeit beschrieben.
Anschließend konnte für die eingekoppelten Laserpulse eine vollständige Pulscharak-
terisierung mittels eines TG-FROG Apparats durchgeführt werden. Dafür wurden die
Pulslängen sowohl vor als auch nach der Faser vermessen und verglichen.
Der Aufbau bot außerdem die Möglichkeit der spektralen Verbreiterung der Laserpulse.
Hierfür wurde Heliumgas bei verschiedenen Drücken in die Faser eingeleitet und die
spektral verbreiterten und somit kürzer komprimierbaren Pulse ebenfalls mit der FROG-
Technik untersucht.
Mithilfe der aufgebauten Apparatur kann eine weitreichende Kontrolle über die Laser-
pulse erreicht werden, die im folgenden für eine Vielzahl von Attosekunden transienten
Absorptionsspektroskopieexperimenten zur Untersuchung von Atom- und Molekulardy-
namik ausgelegt sind.
An apparatus has been set up and aligned within the scope of this thesis that allows for
ultrashort laser pulses with a central wavelength between 1300 and 1550 nm to propa-
gate through a ﬂexible hollow-core ﬁber. This work describes the setup and alignment
process including the measurement of crucial laser parameters like focus and intensity
as well as spectrum.
Subsequently a full pulse characterization of the induced pulses was carried out using
the TG-FROG method. For this purpose the pulses were measured before as well es
after the ﬁber.
The setup enables the possibility for spectral broadening of the transmitted pulses. For
this purpose the ﬁber was ﬁlled with Helium gas at diﬀerent pressures and the FROG
retrievals were compared with the previous results.
With this apparatus an extensive of control is gained over the pulses extending their
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Since the beginning of light ampliﬁcation by stimulated emission of radiation (laser) in
the 1960s [9] many applications for these laser devices have been found. On one hand, the
laser systems themselves are the main point of interest for many scientists as they try
to push the boundaries of the technically and physically possible in terms of intensity,
wavelength or shortness of the laser pulses [4].
On the other hand, as lasers go on to progress and become evermore versatile, scientists
have begun to use the coherent light to investigate and extend their potential use to
many diﬀerent ﬁelds of natural sciences. In the last decades laser-spectroscopy methods
became an established tool to look into the world of quantum physics [7] where chemi-
cal reactions and dynamics within biologically relevant molecules could be studied on a
whole new ultrashort time scale [16].
This Bachelor thesis is part of a bigger project with the aim of examining dynamics in
atoms and molecules with temporally resolved absorption experiments in the extreme
UV (XUV) spectrum. The temporal resolution necessary for these experiments lies in
the femto- (10−12 s) to attosecond (10−15 s) regime. Thus ultrashort laser pulses are
created by exploiting nonlinear optical eﬀects. In order to gain an in-depth understand-
ing of these phenomena it is necessary to take a closer look at the laser system that
provides the coherent light necessary for this experiment. As a part of this it is required
to characterize the spectra and pulse durations of the used laser beams.
When performing experiments in such short time domains and at high intensities many
other nonlinear optical eﬀects occur, which are exploited when building a laser setup
and have to be taken into account when analyzing data. Hence, the main objective of
this thesis is to build, describe and analyze the setup as well as the laser beam going
trough this setup in order to be able to conduct the main experiments with a completely
new kind of laser source.
The used laser system consists of a commercially available Titanium:Sapphire based
cryogenically cooled femtosecond laser system from Coherent Inc. and an optical para-
metric ampliﬁer (OPA) from Light Conversion. With these components one is able to
tune ultrashort pulses to a desired central wavelength before coupling them into a ﬂexible
hollow-core ﬁber (HCF). Within the framework of this thesis six diﬀerent wavelengths
between 1300nm and 1550nm were examined, which were then used for high harmonic
generation (HHG) in the main part of the absorption experiments. In order to be able to
couple diﬀerent wavelengths into the same HCF and to determine their focus positions
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eﬃciently a telescope structure was constructed within this thesis project. The anal-
ysis of the laser pulses was carried out with a frequency-resolved optical gating (FROG).
This thesis ﬁrst of all provides an insight into the theoretical concepts of ultrashort
laser pulses (chapter 2).
Afterwards the installed laser setup, the HCF setup, the FROG pulse characterization
and the beamline where the main experiment takes place are described in chapter 3.
Subsequently, the thesis focuses on preparing and analysing the beam for optimal HCF
incoupling in chapter 4 before turning to the analysis and comparison of diﬀerent FROG
measurements in chapter 5.
Finally, as an outlook, the thesis gives an overview on the absorption experiments carried
out at the beamline in the last chapter 6.
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2 Theoretical considerations
The basic principles and theoretical concepts of the thesis are described in this chapter.
At ﬁrst a mathematical description of ultrashort laser pulses are given. This thesis then
takes a closer look at nonlinear eﬀects and the principles of HHG are introduced. After-
wards, the eﬀects occurring when a laser beam propagates trough a HCF are described
and ﬁnally the concept of FROG-measurements is explained.
2.1 Ultrashort laser pulses








with the angular frequency ω by using the quantum mechanical equation
E = ~ω (3)
the length of a pulse ∆t can only be shortened to a certain extend. To create the shortest
possible pulses one has to provide the broadest possible spectrum ∆ω.
In order to describe the electric ﬁeld E(t) of these pulses mathematically one can choose






E˜(ω) · eiωtdt . (4)
In this description the time and frequency dependency E(t) and E˜(ω) is connected
through a Fourier transformation (FT) [F{·}].
E˜(ω) = F{E(t)} ≡
∫ +∞
−∞
E(t) · e−iωtdt = |E˜(ω)| · eiΦ˜(ω). (5)
Here |E˜(ω)| represents the spectral amplitude and Φ˜(ω) the spectral phase.
Depending on the subject of interest one can choose the preferred description accordingly.
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2.1.1 Nonlinear optics
When a laser beam propagates through a medium with the length L the spectral phase





where c = 299792458m
s





Therefore, equation 6 is shortened to
Φ˜(ω) = k(ω)L. (8)
To understand the importance of Φ˜(ω) one can look at the ﬁrst terms of the Taylor









φ˜(ω) = φ0 + φ1 · (ω − ωc) + φ2 · (ω − ωc)2 + φ3 · (ω − ωc)3 + . . . (10)
These ﬁrst derivatives φ1,2,3, which can have a considerable impact on experimental
measurements, are explained in the following:
 φ0 describes the carrier envelope phase (CEP) which is the electric ﬁeld maximum
within its envelope maximum.
 φ1 is the group delay (GD), a time delay that shifts all spectral components by the
same amount because of smaller group velocity inside the transmitted material.
 φ2 is the group delay dispersion (GDD) which adds a linear chirp to the pulse
meaning that diﬀerent wavelength (components) within the pulse bandwidth arrive
at diﬀerent times and thus make the pulse longer.
 φ3 stands for the third-order dispersion (TOD) and therefore adding a quadratic
chirp on the pulse. This is a potential cause for pre- and afterpulses.
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Especially φ2 and φ3 play a signiﬁcant role in this thesis when making measurements as
can be seen in chapter 5.
With high laser beam intensities the electric ﬁeld E of the pulse can induce signiﬁcant
nonlinear contributions to the polarisation P :
P (ω) = 0
χ(1)E(ω)︸ ︷︷ ︸
Plinear
+χ(2)E2(ω) + χ(3)E3(ω) + . . .︸ ︷︷ ︸
Pnon−linear
 . (11)
An important third-order nonlinear process is Kerr-lensing. Here, an intensity I depen-
dent perturbation n2, also called nonlinear refractive index, is added to the refractive
index n0:




If the intensity of a laser beam is high enough and its distribution not spatially uniform,
this eﬀect can lead to self focusing which is then called Kerr-lensing, a technique often
used by ultrafast lasers to generate these kind of pulses in the ﬁrst place. A very common
example for a non spatially uniform pulse is a Gaussian-shaped one.
11 also enables the possibility for high harmonic generation HHG, a highly nonlin-
ear process that can be understood with the semi-classical approach of the three-step
model [3]
Strong electric ﬁelds are able to heavily distort the ionization potential of atoms. There-
fore, at peak electric ﬁeld amplitudes, the potential is bent to an extend that formerly
a bound electron has a high possibility to tunnel out. This electron now interacts with
the laser ﬁeld by getting accelerated and thus gaining kinetic energy. After half a period
the electric ﬁeld changes direction due to oscillatory behaviour and drives the electron
back into the remaining atomic core where it recombines to a neutral atom emitting a
high-energy photon:
~ωHHG = Ekin + Ip (13)
with the kinetic energy of the electron Ekin and the ionization potential Ip.
Two classical electron trajectories exist for the same kinetic energy due to the maxima
of the driving laser ﬁeld within one laser cycle. This then results in interference of the
coherently emitted photons creating harmonics (n·ω) of the laser ﬁeld. Due to symmetry
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considerations only odd harmonics ((2n+ 1) · ω) can be created [12].
When using femtosecond pulses as the driving laser ﬁeld the recombination of electrons
with the remaining atomic core can be ﬁne tuned to only occur at one special point
in time generating a continuous spectrum of very short wavelengths in the extreme
ultraviolet (XUV) to soft x-ray (SXR) regime.
These high-energy pulses can be even shorter than the initial laser pulses, reaching
times as short as a few attoseconds and high energies [4], making them very suitable and
interesting for absorption spectroscopy experiments since they are able to excite bound
electrons near the atomic core.
Figure 1: Three step model for HHG
2.1.2 Hollow-core ﬁber
The use of a waveguide in high intensity laser setups has two speciﬁc advantages:
1. HCFs provide a very easily applicable and inexpensive way to guide speciﬁc laser
beam modes over a long distance with a ﬁxed exit point neglecting potential point-
ing before the ﬁber.
2. To create even shorter pulses in the temporal domain HCFs can be used to broaden
the spectrum of the induced laser beams by ﬁlling it with gas.
When solving Maxwell's equation for a HCF with the inner diameter ri = a and and
inner refractive index of ni ≈ 1 following analytical equations are obtained in the case
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sin(nθ) exp(i(γz − ωt)) (15)
Eznm = 0 (16)









and comparing the lowest-loss EH11 mode to the Gaussian input mode






with cnm and cˆ(w) being the normalization factors, one can obtain the coupling eﬃciency
f 2nm for diﬀerent beam waist sizes w and determine the optimal throughput.




a maximal transmission can be achieved [13].
In these kind of setups the losses α0 are proportional to the square of the propagating





Considering the case of a ﬂexible ﬁber an additional attenuation constant αR due to a
potential bending over the HCF length is added
αtot = α0 + αR (21)







An eﬃcient mode of operation is achieved by stretching the ﬁber at its two ends and
thus keeping it as straight as possible.
The other feature of a HCF is the possibility of spectral broadening to create even
shorter laser pulses.
When inducing gas into an evacuated hollow core of a ﬁber spectral broadening can be
evoked trough the nonlinear eﬀect of self-phase modulation. The gas gradient is neces-
sary to prevent ionisation eﬀects like plasma defocussing at the entrance of the ﬁber.
Here, the light pulses induce a varying refractive index n of the gas due to the optical
Kerr eﬀect 12. This then produces a phase shift in the pulse
φ(t) = ω0t− kz = ω0t− 2pi
λ0
· n(I)L (23)









According to equation 2 the pulse can be compressed to a shorter temporal duration due
to extended spectral bandwidth.
2.2 Frequency-Resolved Optival Gating (FROG)
Since ultrashort laser pulses are among the shortest events controllable and measurable
by mankind [4] the question arises on how to measure in such short time domains. The
general idea of frequency-resolved optical gating (FROG) is to measure the pulse with
itself mediated by nonlinear eﬀects in a medium [6].
The FROG technique is not the only method used for measuring ultrashort pulses.
Throughout the years several practices have been established like autocorrelation in
1967 [2] and the spectral phase interferometry for direct electric-ﬁeld reconstruction (SPIDER)
in 1998 [5].
In this section the theoretical background of FROG is described, whereas in chapter 3
its setup will play the major role.
First of all a two dimensional dataset in time and frequency domain is needed in form a
the spectrogram S(ω, τ) of a nonlinear signal:
S(ω, τ) =
∣∣∣∣∫ +∞−∞ E(t)g(t− τ)e−iωtdt
∣∣∣∣2 . (25)
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Here, g(t− τ) describes a nonlinear gating function g(t− τ) in the sense of 11 with an
intrinsic time delay τ .Inserting this into an iterative general projection algorithm (GP)
to retrieve the pulse amplitude and phase in time and frequency domain.
There are many diﬀerent possibilities for nonlinear signals to be used in a FROG device.
In this thesis a transient-grating (TG) setup is used. Other frequent techniques involve
the use of second or third harmonic generation (SHG, THG), while others use the eﬀects
of self-diﬀraction or polarisation gating (PG).
To perform a TG-FROG measurement the beam mode is split in three individual beams,
from which one gets delayed in time. The two other beams interfere inside the grating
leading to an intensity modulation which translates with n2 of the material into a tran-
sient grating diﬀracting the third time-delayed beam generating a forth beam according
to momentum conservation.
Finally, the signal S(ω, τ) of the forth beam ﬁnally can be recorded for diﬀerent time
delays by a spectrometer and afterwards be reconstructed with the aforementioned iter-
ative retrieval algorithm to derivate the original pulse form. There it has to satisfy the
nonlinear optical constraint
g(t, τ) = |E(t+ τ)|2. (26)
Figure 2: Overview of diﬀerent types of chirps including the respective FROG retrieval.
Figure adapted from [5]
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3 Measurement setup
This chapter gives an overview of the whole experimental arrangement. Essentially the
whole setup can be divided into two distinct parts: the laser system (3.1) where the
ultrashort laser pulses are generated and conditioned and the beamline (3.2) in which
the HHG and the transient absorption experiment takes place.
The point of interest for this Bachelor thesis is in between these two parts of the experi-
ment: After the pulses are generated and tuned to a speciﬁc wavelength they propagate
trough a HCF before entering the beamline (chapter 3.3).
To systematically investigate and quantify the eﬀects of spectral broadening besides
other power and spectral measurements FROG measurements were conducted before
and after the HCF. These experiments enable the main transient absorption spec-
troscopy experiments as the HCF makes the pulse much more controllable. The setup
of the FROG system will be described in the last part of this chapter (3.4).
3.1 Laser system
The laser system is composed of two main parts: the Coherent Cryo SPA and the HE-
TOPAS-Prime-Plus by Light Conversion. The Cryo SPA consists of a Ti:Sa oscillator
with CEP stabilization and a chirped pulse ampliﬁer (CPA) consisting of a regenerative
ampliﬁer, a conventionally cooled single pass ampliﬁer SPA and a cryogenically cooled
SPA. A sketch of the system can be seen in ﬁg. 3 while a more detailed model is depicted
in Appendix 20.
Figure 3: scheme of the used laser system
The Cryo SPA possesses two outputs, a low energy (LE) and a high energy (HE) one.
This high energy output is then coupled into the TOPAS producing two diﬀerent outputs
as well: the (high photon energy) signal output and the (low photon energy) idler output.
From there only the signal output is focused in the HCF.
Femtosecond-short laser pulses centred around 800nm are generated in the oscillator
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through mode-locking due to Kerr-lensing [15].Being in the nJ energy per pulse region
(500mW/80MHz), the pulses still have to be ampliﬁed by over six orders of magnitude.
This is done by the ampliﬁer chain, being pumped by more than 120W of 527nm q-
switched pump laser light in order to reach energies of up to 26mJ. The resulting beam
is then split into the HE-output and LE-output by using an adjustable half-wave plate
and a polarizing beamsplitter. With this the HE beam is set to 18.1W before entering
the next stage of the system.
The TOPAS now provides the opportunity to manipulate the central wavelength from
the near infrared (NIR) of the pulse to the short wavelength infrared (SWIR) using
nonlinear optics only - optical parametric ampliﬁcation (OPA). For this the HE output
is used as a pump laser to be split in signal and idler under the inﬂuence a seed photon
in a BBO crystal, conserving energy and momentum throughout this process:
ωp = ωs + ωi, ~kp = ~ks + ~ki (27)
The resulting signal beam is a pulse with a tunable central wavelength in the SWIR
regime.
The eﬃciency for this process with the described setup and an optimal pump power of
18mJ totals up to 36.4%.
3.2 HCF
After exiting the TOPAS the signal beam passes trough a variety of diﬀerent optical
components to reach the beamline. Therefore, a 3.2m ﬂexible HCF with a 530µm core
diameter and a 665µm outer diameter is introduced into the setup. This leads to two
intertwined issues that have to be considered:
1. Firstly, a focusing mirror is needed to guide the optimal beam mode into the ﬁber,
which has to be evacuated to avoid ionation at the ﬁber entrance.
2. Secondly, it has to be kept into account that when changing to another wavelength
with the TOPAS the focus size and divergence is also diﬀerent and cannot enter
the HCF eﬃciently.
Therefore, to adapt to these issues, an adjustable focusing telescope was installed on
an optical rail, consisting of a 1" (radius of curvature ROC=-71.3mm) plano-convex
and a 2" (ROC=95.2mm plano-concave) UVFS substrate. Consequently, this setup can
accommodate to any wavelength between 1300nm and 1550nm with very low dispersion
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and aberration eﬀects.
In addition, an alignment rail was set up parallel to the HCF to be able to conduct
beam quality and position measurements by inserting a magnetic base mirror. This
arrangement is also depicted in ﬁg. 4 below.
Figure 4: Arrangement of the telescope. The laser beam exits the TOPAS, gets reﬂected
by a mirror and passes the lenses of the telescope on the optical rail before
getting reﬂected again and passing through an aperture and OD ﬁlters (for
alignment purposes).
The ends of the ﬁber itself were glued to a KF-adapter and mounted on manual stages.
Both of the stages can be moved in x- and y- direction for ideal coupling into and
transmission trough the ﬁber. One stage can be moved additionally along the z-axis for
straightening purposes.
A vacuum-tube assembly extents the HCF setup to an overall length of 7.2m. With
this, the whole arrangement can be completely evacuated or evacuated at one side and
to gas (e.g. Helium) on the other side creating the gas gradient that is used for spectral
broadening.
In order to enter HCF the laser beam passes trough a glued window applied in Brew-
ster's angle dividing the evacuated from the non-evacuated part of the setup in order








After passing through the HCF the beam has to be re-collimated and subsequently fo-
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cused again precisely for the following path trough the beamline, which will be explained
in the next section.
3.3 Beamline
This part of the experimental apparatus will be described shortly as it is the main reason
for which the ultrashort laser pulses are needed. The homebuilt beamline consists of
three parts that enable the possibility to perform absorption spectroscopy experiments
with ultrashort XUV pulses, these are:
1. The HHG chamber where the XUV pulses are generated.
2. The mirror chamber where the ir! and XUV pulses are refocused and can be
manipulated by splitting them geometrically and delaying them
3. The target chamber where the pulses interact with the experimental target gas.
This interaction can be recorded using an XUV spectrograph consisting of a variable
line space grating and the Princeton instruments PIXIS CCD camera.
By focussing the signal beam with a focusing mirror into a gas cell in the HHG chamber,
high harmonics are produced which then propagate on into the mirror chamber where
they hit a gold coated toroidal mirror with 2f−2f geometry under the incidence angle of
8◦. From there the laser pulses are reﬂected onto the four-split-and-delay mirror, which
allows in principle for two-dimensional spectroscopy before being refocused on inside
the target chamber, which is an copy ot the HHG chamber, also with an adjustable cell
in the focus position of the beam where the target gas can be introduced. In the case
of Helium, which was used during the course of this thesis, the correlation dynamics
imprints on doubly excited states can be investigated [8].
A more detailed description as well as ﬁrst experimental results will be given in the
outlook in chapter 6 and in appendix 6.
3.4 FROG
For all FROG measurements conducted in this thesis a versatile TG- FROG setup was
used which could therefore be implemented at diﬀerent positions in the experimental
setup described above. Thus it was possible to characterize the pulses before as well as
after the HCF
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Figure 5: TG-FROG setup
Laser pulses can be coupled in to the FROG apparatus by aligning it onto two iris
apertures. From there the beam ia reﬂected on two horizontally aligned D-split mirrors.
One D-shaped mirror can be translated along beam direction in respect to the other
mirror on a nm-scale allowing for the necessary interference and resolution as described
in chapter 2.
The two mutually time delayed beams are then separated again by a mask creating three
beams from which one is temporally delayed. These get focused by a focusing mirror
with the focal length of f = 20cm into a Schott D 263 M glass target with the thickness
of ≈ 100 µm.
There is also the possibility to ﬁrst investigate the spatial and temporal overlap of the
beamlets in the focus and tune it with a camera at focus position.
After the glass target was hit, the beams are collimated again and the signal beam is
separated from the other beams and coupled into a spectrometer where the signal is
recorded.
This setup with the adjustable D-mirrors, the used universal phase matching criteria,
its mobility and the possibility to exchange the spectrometer makes for a very versa-
tile FROG measurement device, able to record the FROG at a wide range of diﬀerent
frequencies including all the frequencies used in the following experiments. It is only
limited to pulses <20 ps and by its mirrors and the used spectrometer.
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4 Hollow-core ﬁber
In this section the process of setting up the HCF and characterizing it will be described.
This includes a spatial beam quality measurement, also known as M2 measurement to
determine the focus position and size of the laser beam. It also indicates how comparable
the pulse is to a Gaussian shaped pulse and it speciﬁes whether the beam is astigmatized.
The section also includes a transmission measurement to compare the theoretical and
experimental eﬃciency of the ﬁber.
For conducting theM2 measurement two diﬀerent experimental setups are used: A knife-
edge scan where a movable knife edge systematically clips the laser beam at diﬀerent
positions of its beam path to determine its size and a beam proﬁler scan with the
LaserCam-HR II 2/3 that records the beam size at diﬀerent positions of the beam path
with a pixel size of 6.4µm exploiting the two-photon process in the silicon CCD chip.
The transmission scans are to verify that the best power transmission is achieved and
conducted with the Coherent J25 powermeter head by placing it in front of and behind
the HCF.
In the following 4.1 will provide the description of the measurement procedure and its
theoretical background while 4.2 will present and compare the measurement results.
4.1 Setup and theoretical background
The radius w of a Gaussian laser beam is deﬁned as the distance from the beam maximum
where the intensity drops to 1/e2 of its maximum value. When focusing this beam the













The Rayleigh range is the distance over which a Gaussian beam can be collimated before
it spreads signiﬁcantly due to refraction [1]. According to formula 29 it is the exact length
where w0 increases by the factor of
√
2.
The focus is achieved for z = 0, where 29 simpliﬁes to a waist of w0. Away from the
focus the beam spreads hyperbolically into asymptotes, which deﬁne the half-angle θ at
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An intuitively accessible graphic for this explanation is depicted in ﬁg. 6.
Figure 6: Notation used for describing a Gaussian beam. Adapted from [1]
Real laser beams diﬀer from an ideal Gaussian beam. A way to quantify their quality is
the assessment of the M2 ≥ 1 value with M2 = 1 for a Gaussian beam.















For the beam proﬁler measurements a Coherent beam proﬁler camera was placed on the
alignment rail to capture a picture of the incoming beam at 1400nm central wavelength.
The CCD chip however has a cut-oﬀ wavelength of ≈1100nm due to the 1.14eV band
gap in silicon. Thus linear eﬀects cannot be detected with this camera. Nevertheless
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the camera could be used in a unique way because of its ability to capture non-linear
two photon processes and therefore eliminating the need to purchase a more expensive
GaAs chip with high dark current and a bigger pixel size of >15µm.
Afterwards, the camera was moved in 10mm increments in z-direction over the focus to
then capture another image of the laser beam. This process was repeated over the dis-
tance of 230mm, a length well over the Rayleigh range. The beam intensity was plotted
for the x- and y-axes to determine the value of wx,y(z) for each individual z in both di-
mensions. This way the laser beam could also be adjusted for the astigmatism produced
along its light path. These w(z)-values were ﬁnally plotted and ﬁtted according to 29
to determine w0 and M2.
To produce a linear reference the knife edge scan was conducted in a similar way. A
knife edge (see ﬁg. 7) was placed on the alignment rail instead of the beam proﬁler.
This knife edge was mounted on a stage in order to be able to move it along the x-axis.
Behind the knife a SWIR spectrometer (OceanOptics NIRquest 512 ) was arranged to
capture the amount of light which was not cut oﬀ by the knife. To minimize systematic
errors two sheets of optical paper were placed in front of the spectrometer ﬁber entrance
as diﬀusers, insuring spatial averaging of the light after the knife edge.
Figure 7: knife edge setup with the knife edge mounted on a movable stage on the optical
rail and the ﬁber input for the spectrometer covered with optical paper.
To cut oﬀ the incoming light, the knife was moved in the magnitude of a few single
micrometers with a spectrum taken in between each step resulting in approximately 150
spectra for a single knife edge scan. Afterwards the knife was moved the same way in
steps of 10mm as the beam proﬁler along the z-axis of the alignment rail and repeating
the x-scan at the new position. In total a length of z = 240mm was covered with this
scan.
The data was then processed by creating plots summing up all the incoming light in
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with Pmeasured being the measured power after the knife edge and P1 corresponding to
the original power. These w values were then plotted and ﬁtted in the same way as in
the knife edge scan using formula 29.
The power transmission was determined by measuring the beam intensity and beam size
directly before entering the HCF with the beam proﬁler and in front of the Brewster
window in the case of the powermeter head. The same measurement was conducted
behind the HCF at the exact distance where the beam sizes match. The ratio of intensity
at this point determines the power transmission.
4.2 Beam quality measurement
At ﬁrst the results of the knife edge measurement will be presented. An exemplary knife
edge scan for the alignment rail position z = 422mm is depicted in ﬁg. 8. A total of
sixteen of these knife edge scans are conducted in one M2 measurement. The results
and the ﬁt are depicted in ﬁg. 8.
Figure 8: 1a: knife edge scan for z = 422mm. The resulting waist size at this position
is w = (244, 35± 5, 35)10−6m
1b: M2 scan using the knife edge method. Each measurement point represents
a single knife edge scan at the respective z-position.
With these measurements M2 could be determined to
M2 = 1, 88± 0, 05 (36)
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with the minimum beam waist of
w0 = (229, 43± 3, 73)µm . (37)
With the beam proﬁler scan, following results were generated:
Figure 9: 1a: ﬁts for the x- and y position of the laser beam at the position z = 260mm.
From each ﬁt the beam size w could be determined.
1b: M2 ﬁt for x- and y-axis. Each measurement point represents a single beam
proﬁler measurement at a certain position z. The ﬁt in two dimensions allows
for the investigation of astigmatisms, which in this case could be maintained
on a minimum level with a diﬀerence between the two beam waists in x- and
y-position being only ≈ 1µm.
M2 = 0, 268± 0, 005 (38)
w0,x = (105, 92± 0, 37)µm , w0,y = (104, 58± 0, 53)µm (39)
When comparing these results with the results of the knife edge scan one can see a
diﬀerence. The factor when comparing beam waist sizes is ≈2,2. Further a M2 value
below 1 for the beam proﬁler measurement is not physical. Nevertheless both of these
eﬀects can be explained:
The silicon CCD-chip of the Coherent beam proﬁler can only detect wavelengths up to
1100nm. Throughout the setup process a wavelength of 1400nm was used and should
consequently be not detectable. Still, a signal was detected. It could be excluded by
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putting a long-pass spectral ﬁlter (λon=1000nm) in front of the proﬁler that the proﬁler
was measuring the a part of the 800nm pump leakage which was not completely converted
by the OPA. Therefore we concluded that the Si beam proﬁler signal is generated by a
two-photon-process.
The intensity of a two photon process is squared compared to the intensity of a single
photon excitement:
I2Ph ∝ I2 . (40)
















This way the measured beam sizes correct to
w∗0x = (149, 79± 0, 52)µm , w∗0y = (147, 90± 0, 75)µm (43)
Taking this factor into consideration, a discrepancy of a factor of ≈1.5 remains. A pos-
sible explanation for this can be found in the measuring method: As the beam proﬁler
is only sensitive to the nonlinear response induced by the pulse, a beam proﬁler image
recorded outside of the focus is not directly comparable with a linear image, when taking
equation 40 into consideration. One also has to take spatio-temporal coupling and the
Gouy phase-shift into account. This is also the reason for the non-physical M2 value.
Thus the knife-edge measurement provides reasonable values for the M2 value and for
the focus position whereas the beam proﬁler scan gives the focus size for nonlinear pro-
cesses at the same position while also providing information about the astigmatism. Its
M2 value however is not expressive.
Lastly the HCF transmission was measured.
According to10 the optimum transmission through a HCF with a wavelength of λ =1000nm
and a HCF radius of a = 500µm is 1.85 dB/m. Knowing that the throughput scales
with λ2/a3 the optimal linear response for this setup with
λ = 1400nm, a = 270µm (44)
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can be calculated.




= 86, 4% (45)
The beam proﬁler only measures the nonlinear response. In this case the transmission









The intensities were measured directly before and after the non-evacuated ﬁber with an
attenuated beam resulting in a transmission of α=73,5% which is 85% of the theoretical
maximum.
With the powermeter head the linear signal is measured in front of and after the two







= 48, 8% (47)
The reason for this lies in the HCF itself. When coupling into the ﬁber the beam mode
is "cleaned" and to match the Gaussian shape with the HCF acting like a spatial Fourier
ﬁlter. When measuring the pulse power with the powermeter before entering the HCF
all the linear parts that will be cut oﬀ are also measured while after the pulse only the
cleaned is measured. In the case the beam proﬁler only the nonlinear parts of the pulse
are measured already eliminating all the excess linear parts and thus cleaning the pulse
eﬀectively beforehand.
This cleaning is a natural side eﬀect of the HCF but it provides many advantages as
preventing hot spots, an easier alignment procedure due to the Gaussian like beam mode
and a ﬁxed beam position at the end of the HCF.
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5 Temporal pulse characterization
In this section of the thesis the TOPAS pulse durations are determined. Each wavelength
between 1300nm and 1550nm in steps of 50nm was measured once in front of (5.1) and
after (5.2) the HCF assembly. Additionally, for the central wavelength of 1500nm a
FROG trace was measured with a gas ﬁlled HCF and thus broadened spectrum. These
will be analysed in chapter 5.4.
5.1 FROG measurement in front of HCF
The aforementioned six diﬀerent wavelengths were coupled into the device with the lens
telescope to create a collimated beam for a full pulse characterization. For the setup a
100 µm glass target and an OD-ﬁlter with OD=1 were used in the TG FROG. Every
of following measurement consists of 2048 steps. The results are listed below the plots
10 in table 1.
30
31
Figure 10: results of FROG measurements in front of the HCF.
Table 1: results for FROGmeasurements in front of the HCF with the central wavelength
λc, the measured temporal FWHMτm and the theoretical FWHMτt.







To determine the FWHM of every pulse a spline was ﬁtted on the retrieved intensity
proﬁles. Also one can see the temporal and the spectral phases of every pulse. By
looking at the resulting plots one can see that the pulses are close to full compression.
Only for shorter wavelengths between 1300nm and1400nm (1a, 2a, 3a) a positive chirp is
visible. In the case of 1450nm (4a) there is also some additional higher order dispersion.
This decreases until completely vanishing with longer wavelengths.
This can possibly be attributed to the FS used in the lens telescope and in the TOPAS.
For longer wavelengths in the SWIR (>1242nm) there is a regime of anomalous disper-
sion (GDD<0). The higher the wavelength gets the more negatively chirped the pulse
will be due to the FS used in the telescope. Thus UVFS can potentially compress the
pulse for longer wavelengths.
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5.2 FROG measurement after HCF
The measurements after the HCF were conducted not directly after the ﬁber, but before
entering the HHG chamber. The thickness of the glass target 100µm used in the FROG
apparatus was chosen as before. Additionally, here an 1mm thick OD=0.1 ﬁlter was
used to simulate additional dispersion through the beamline entrance window of the
same thickness with the results plotted below.
Along the beam path the laser pulses travel trough a lot more FS than for the earlier
measurement, namely the two Brewster windows and a 2mm variable OD after the last
Brewster window. The layout of the beam path raises also the opportunity to further add
FS or other materials to compress diﬀerent central wavelengths with diﬀerent amount
of or type of transmitted anomalous dispersive media.
This possibility was utilized in the last part of this chapter when the pulse was spec-
trally broadened with the aim of compressing the pulse temporally as much as possible
afterwards. For this matter a variety of FS plates with diﬀerent thicknesses were placed
in the path, further described in chapter 5.4
In the following the results of the measurements after the HCF are plotted.
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Figure 11: results of FROG measurements after the HCF.
Table 2: results for FROG measurements after the HCF
λc [nm] τm [fs] τt [fs] α
1300 44.1±0.3 33.5 47,8%
1350 34.6±0.5 29.0 50,3%
1400 34.6±0.3 28.6 43,0%
1450 41.2±0.3 31.3 48,1%
1500 42.4±0.4 40.1 53,7%
1550 50.7±0.3 39.3 58,9%
To determine the FWHM of the pulses the plots were spline ﬁtted on order to measure
the time position at half intensity manually for the largest peak.
The plots do show diﬀerent types of chirps like TOD in 1a and 2b or GDD in 3b without
being systematic in behaviour. Still, from the τt values it can be deduced that these
pulses are not as compressed as the ones in front of the HCF.
5.3 Comparison of the FROG measurements
When comparing the FWHM of the retrievals in front of and after the HCF, as pictured
in 12 one can see a systematically temporally broader pulse independent of wavelengths
for the measurements after the HCF. The pulses after the HCF also have a more
undeﬁned Gaussian shape in comparison to the almost Gaussian looking time pulses in
front of the ﬁber. This is a hint for a systematic diﬀerence in the spectrum by the HCF
as it will be investigated in 14.
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Figure 12: 1a: time retrieval for diﬀerent wavelengths between 1300nm and 1550nm
before HCF
1b: time retrieval for diﬀerent wavelengths between 1300nm and 1550nm
after HCF
When plotting the beam sizes in dependency of their respective wavelengths for both
measurements one can observe three main features 13:
1. All pulses measured after the HCF are broader as the pulses before the ﬁber as 12
already suggested.
2. The pulses of the respective measurements before and after the ﬁber follow a
parabolic-like shape. This is due to the TOPAS compression. When optimizing the
output of the TOPAS there is always a compromise between the pulse power and
the pulse duration leading to shorter more optimized pulses in a special wavelength
range, depending on the inner components in the TOPAS (e.g. the aount of FS
used)
3. Also, one can see that this parabolic-shape is shifted a little bit to lower wave-
lengths for the pulses after the ﬁber. This can be explained by the additional
anomalously dispersive FS in the beam path creating a more optimized compres-
sion for lower wavelengths and thus shifting the most compressed pulse central
wavelength towards the blue
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Figure 13: temporal FWHM comparison of FROG measurements before and after the
HCF
The cause for the temporally broadened pulses can be found when investigating the
measurement for a singular wavelength in more detail. Below the compared results for
the representative wavelength of 1500nm can be found:
Figure 14: 1a: temporal retrieval including phase before and after HCF. The pulse
before the ﬁber is clearly narrower and more Gaussian-shaped.
1b: spectrum of the FROG retrieval before and after the HCF. The spectrum
before the ﬁber is clearly broader than the one after exiting the ﬁber.
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As explained in the beginning of chapter 2 the pulse duration is always linked to the
certain minimum spectral bandwidth of the pulse. On the right side of ﬁg. 14 one can
see that the spectrum once propagated trough the ﬁber is much narrower than the one
entering the ﬁber. Not every spectral component is coupled uniformly into the ﬁber due
to chromatic aberrations inside and after the TOPAS leading to a varying divergence for
diﬀerent spectral components. This leads to the broadened temporal spectrum depicted
on the left side of ﬁg. 14.
Interestingly both the spectral and the temporal phases show only very little variation
when compared to aech other with the spectrum after the HCF having a small third
order chirp.
5.4 Spectral broadening
For the spectral broadening part the HCF exit part of the assembly was pressurized with
helium gas. With a pressure reducer and needle valves the backing pressure could be
controlled precisely. In the following spectral broadening measurements were conducted
with backing pressures of 1400mbar and 2400mbar. The results are plotted in the ﬁgure
below 15:
Figure 15: Spectral broadening at the HCF at three diﬀerent pressures.
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One can clearly see the broadening eﬀect with higher gas pressures. Especially for lower
wavelengths a signiﬁcant increase of intensity can be observed creating spectral wings
on the blue side of the spectrum. It can be assumed that with even higher pressures one
can achieve an even broader and evenly distributed supercontinuum [14].
In the next ﬁgure a detailed look is provided on how the 0mbar and the 2400mbar spectra
as well as the 2400mbar spectrum in comparison to the TOPAS output spectrum look
like:
Figure 16: 1a: comparison between the unbroadenend and the 2400mbar He-broadenend
spectrum after the HCF
1b: comparison of the 1500nm spectrum before and after the ﬁber (broad-
ened)
Here the substantial increase for higher pressures is even more apparent with the broad-
ened spectrum showing a spectral bandwidth bigger than the direct TOPAS output
pulse. This leads to question on how the temporal FWHM compare to each other at
diﬀerent gas pressures.
The following ﬁgure compares 0mbar with 1400mbar and 2400mbar gas pressures with
the resulting FWHMs listed in the table 3 below:
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Figure 17: left: comparison of the pulse duration for three diﬀerent HCF gas pressures
after the ﬁber
right: comparison of the shortest pulse after the ﬁber achieved with spectral
broadening with the pulse before entering the ﬁber
Table 3: temporal FWHM comparison
λc [nm] position gas pressure [mbar] τm [fs] τt[fs]
1500 before HCF no gas 29.83±0.17 27.4
1500 after HCF 0 42.43±0.35 40.1
1500 after HCF 1400 26.71±0.23 26.8
1500 after HCF 2400 28.60±0.25 28.4
The best compression was achieved for 1400mbar with an approximately 60% shorter
pulse than the unbroadened pulse and ≈12% shorter pulse than the original one.
With the laser beam propagating through the ﬁber a slight glow from the plasma forma-
tion could be observed for the highest gas pressures. This adds perturbations to spatial
properties and the higher order spectral phase terms of the pulse and are be the expla-
nation why the with 2400mbar Helium broadened pulse is longer than the 1400mbar one
and can not be as compressed despite its broader spectrum 18.
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Figure 18: 1a: comparison of the temporal retrievals and phases of the broadened pulses
1b: comparison of the spectra and spectral phases of the broadened pulses
For all the pulses after the HCF a third order chirp overlayed with a second order chirp
could be observed. With the use of FS one can ﬁght the GDD to further compress the
pulse while the TOD>0 still remains. This was tested and carried out with FS plates of
diﬀerent thickness at the ﬁber gas pressure of 1400mbar. These were a 5mm FS plate,
an 8mm plate mounted in Brewster's angle and several 1-2mm OD ﬁlters. The results
of this measurement are plotted below:
Figure 19: chirp comparison with FS plates to minimize second order chirp
The plot shows that the second order chirp could be eliminated successfully. Every
additional slice of FS steepened the curve at longer wavelengths gradually creating a
more symmetrical third order chirp without a second order overlay (violet curve).
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6 Summary and outlook
To sum up, a ﬂexible HCF has been set up in this thesis to make laser beams in the
SWIR range more controllable and predictable for the following transient absorption
spectroscopy experiments.
The telescope in front of the HCF is able to focus central wavelengths between 1300nm
and 1550nm into the 3.2m long ﬁber where a throughput of roughly 50% of the initial
power can be achieved. The ﬁber acts as a spatial ﬁlter, eliminating parts of the beam
that do not contribute to the nonlinear signal. When comparing only the nonlinear
responses before and after the HCF with a beam proﬁler a throughput of ≈ 73,5% is
achievable being close to the predicted theory value of 86,4%.
With a knife edge measurement the beam waist size w0 and the beam quality parameter
M2 could be determined to w0 = (229, 4± 3, 7)µm and M2 = 1, 88± 0, 05.
FROG measurements were taken in front of and after exiting the ﬁber. The measured
FWHM values for every wavelength are between 23fs and 50fs long with the pulse dura-
tions before the HCF being systematically shorter than the ones behind the HCF while
the most compressed pulses were measured at a central wavelength of 1400nm respec-
tively. The temporal broadening of the pulses could be traced back to the narrowed
spectrum at the ﬁber exit due to propagation eﬀects.
Finally, FROG measurements with the Helium gas ﬁlled HCF were conducted at gas
pressures of 1400mbar and 2400mbar and at a central wavelength of 1500nm. Additional
FS was introduced in the beam path to compensate for the quadratic chirp in order to
further compress the pulse. This way a compression of 60% could be achieved more than
overcompensating the spectral arrowing due to HCF incoupling and propagation eﬀects.
This systematic approach with the ability to precisely focus multiple diﬀerent wave-
lengths in the SWIR with the same optical setup into a ﬂexible HCF where the pulses
can be manipulated spectrally and temporally is the ﬁrst of its kind. The pulses can
be perfectly set up for few fs dynamics with the possibility to even create isolated at-
tosecond pulses reaching the soft x-ray regime in the near future. With this setup HHG
is more controllable as well by creating a broader XUV spectrum with a higher XUV
ﬂux. This is ideal for the transient absorption experiments investigating doubly excited
Helium states which could already be conducted at the homebuilt beamline. A short
overview of the initial results is given in appendix 6.
Overall, this work is a promising step towards a increased practicability in atomic and





Detailed scheme of the laser system
Figure 20: detailed scheme of the laser system described in chapter 3.1 including the
laser beam path. Figure adapted from [8]
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Investigation of doubly excited Helium states
The six laser pulses of diﬀerent central wavelengths between 1300nm and 1550nm could
be also used to conduct transient absorption spectroscopy experiments. By performing
HHG at the homebuilt beamline (3.3)a train of attosecond XUV pulses needed for the
experiment was created, which interacted with a Helium ﬁlled gas target cell. With a
variable aperture the intensity of the XUV! beam was set to diﬀerent positions in order
to conduct an intensity scan of the gas target. To give an overview, the ﬁrst results
for 1500nm and 1550nm central wavelength - derived from the raw data by dividing a
respective XUV reference scan from the data and applying a FT ﬁlter afterwards - are
plotted in ﬁg. 21 and 22 below:
Figure 21: raw data and XUV reference of the intensity scans for λc=1500nm and
1550nm.
Figure 22: resulting optical density and FT ﬁltered OD for λc=1500nm and 1550nm.
One can clearly see characteristic Helium structures for Y<40.
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BBO beta Barium BOrate
CEP Carrier Envelope Phase
CPA Chirped Pulse Ampliﬁcation
FROG Frequency-Resolved Optical Gating
FS Fused Silica
FT Fourier Transformation
FWHM Full Width Half Maximum
GD Group Delay




HHG High Harmonic Generation




OPA Optical Parametric Ampliﬁer
PG polarisation gating
ROC Radius Of Curvature
SHG Second Harmonic Generation
SPA Single Pass Ampliﬁer
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SPIDER Spectral Phase Interferometry for Direct Electric-ﬁeld Reconstruction
SWIR Short Wavelength InfraRed
SXR Soft X-Ray
TG Transient-Grating
THG Third Harmonic Generation
TOD Third Order Dispersion
UV Ultra Violet
UVFS Ultra Violet Fused Silica
XUV eXtreme Ultra Violet
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